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Hubbard UThe optical properties of titanium dioxide (TiO2) in rutile, anatase and brookite phases were investigated
via density functional theory (DFT) framework. The Hubbard U term in Ti 3d electrons of the TiO2 phases
was introduced to observe the optical behavior with the effect of U parameter. The calculated structural
parameters from the optimized TiO2 are in good agreement with the previous experimental and theoret-
ical data. The values of static dielectric constant and refractive index from exchange-correlation func-
tional in standard DFT are slightly higher than the DFT + U method. The energy peaks of reflectivity
and loss function spectra show the good match with each other. The TiO2 with rutile, anatase and broo-
kite phases have optical absorption in the ultraviolet (UV) light region. Thus, the inclusion of U parame-
ters turn out to shift the wavelength photon towards the low region. Furthermore, this work provides a
good theoretical understanding of the optical properties of TiO2 which helpful in a technological applica-
tion such as photocatalysis and photovoltaics.
 2016 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://
creativecommons.org/licenses/by/4.0/).Introduction
Transition metal oxide based TiO2 has become one of the most
extensively studied material due to its high surface area, chemical
stability, relative harmlessness and low cost. Thus, there is a great
interest in TiO2 for various technological applications such as solar
cell, electrical appliance, medical, agriculture and much more [1].
There are three different phases of TiO2 in nature which are rutile,
anatase and brookite. Both rutile and anatase play an important
role in industrial applications while brookite is rarely used and
studied because of its complicated structure and difficult to syn-
thesize in its pure form. However, there is an increased interest
in brookite lately as it found to display remarkable properties [2].
TiO2 has been studied in many experimental and theoretical fields
[3,4]. Common experimental preparation of TiO2 are produced in
the forms of powder, crystals or thin films by using solution route
or gas phase methods [5] and as for theoretical method, standard
LDA and GGA functional within density functional theory (DFT)are commonly used [6–8]. However, local functional from LDA
and GGA can result in poor performance due to the lack of self-
interaction corrections [9]. The strongly correlated materials in
localized 3d and 4f orbital can present difficulties in describing
the electronic structure of the materials.
The most widely approach used to overcome the problem of
LDA and GGA are hybrids functional or DFT + U method [10]. The
hybrids functional can give promising improvement for LDA and
GGA but will require a huge amount of computational resources.
Therefore, DFT + U approach which using less computational effort
can be used to treat the exchange-correlation functional. The first-
principles calculations using the U parameters have been
addressed by some authors to solve the shortcoming from the the-
oretical data [11,12]. The DFT + Umethod has been applied in Ti 3d
of TiO2 by Arroyo et al. [13] to improve the accuracy of standard
DFT. Portillo-Vélez et al. [14] have performed a study about the
influence of surface oxygen vacancies in the structural and elec-
tronic properties of anatase TiO2 (1 0 1) surface using Hubbard U
correction. Recent work on DFT + U has been reported by Curnan
et al. [15] to investigate the relative energetic ordering of rutile,
anatase, brookite and columbite TiO2 polymorphs. There are lim-
ited DFT + U studies on the optical properties of TiO2 to predict
the optical behavior with the effect of U parameter.
892 M.H. Samat et al. / Results in Physics 6 (2016) 891–896In this work, we use Hubbard U calculations on the Ti 3d of TiO2
of rutile, anatase and brookite to calculate the optical properties
which consist of dielectric function, refractive index, loss function,
reflectivity and absorption coefficient. The results from the DFT + U
calculations were compared with those calculated by using stan-
dard DFT.Computational method
The calculations in this work were carried out for rutile, anatase
and brookite TiO2 with Cambridge Serial Total Energy Package
(CASTEP) computer code [16]. The exchange-correlation functional
from local density approximation by Ceperley and Adler [17] as
parametrized by Perdew and Zunger [18] (LDA-CAPZ) and general-
ized gradient approximation of Perdew-Burke-Ernzerhof (GGA-
PBE) [19] and Perdew-Burke-Ernzerhof for solids (GGA-PBEsol)
[20] were used. The valence states were treated as 3s, 3p, 4s, 3d
for Ti atom and 2s, 2p for O atom. The structural optimization
and properties calculation were performed using the plane-wave
energy cut-off of 380 eV and Monkhorst-Pack scheme k-points
with 3  3  5 for rutile, 4  4  2 for anatase and 2  3  3 for
brookite. The geometry optimization convergence threshold for
energy change, maximum force, maximum stress and maximum
displacement were set for 5  106 eV/atom, 0.01 eV/Å, 0.02 GPa
and 5  104 Å, respectively. The values of U have been estimated
from the electronic properties calculations where the effective U
values for rutile is 7.5 eV from LDA + U and for anatase and broo-
kite are 8.5 eV from GGA-PBEsol + U, which agrees with the typical
range of U values from the other findings [15,21]. The calculated
optical properties of the TiO2 polymorphs using LDA + U and
GGA + U with the strong effective on-site Coulomb repulsion
among the localized Ti 3d electrons were described by the follow-
ing formalism:
ELDAðGGAÞþU ¼ ELDAðGGAÞ ðU  JÞ2
X
r
Trðqr  qrqrÞ ð1Þ
where qr denotes the spin (r) polarized on-site density matrix and
U and J are the Coulomb and exchange energy, respectively. The
valence states were treated as 3s, 3p, 4s, 3d for Ti atom and 2s, 2p
for O atom. A plane-wave energy cut-off of 380 eV was chosen
and Monkhorst-Pack scheme k-points were set as 3  3  5 for
rutile, 4  4  2 for anatase and 2  3  3 for brookite. The geome-
try optimization convergence threshold for energy change, maxi-
mum force, maximum stress and maximum displacement were
set for 5  106 eV/atom, 0.01 eV/Å, 0.02 GPa and 5  104 Å,
respectively.Fig. 1. The primitive unit cell of (a) rutilResults and discussion
Crystal structure
The crystal structures of the TiO2 polymorphs in rutile, anatase
and brookite were fully optimized by minimizing the total energy
and atomic forces. The primitive unit cell of the TiO2 crystal struc-
tures is illustrated in Fig. 1. The space group of the tetragonal struc-
tures of rutile and anatase is P42/mnm and I41/amd, respectively
while for the orthorhombic structure of brookite is Pbca. The lattice
parameters a, b and c of rutile, anatase and brookite from the LDA,
GGA-PBE and GGA-PBEsol are presented in Table 1. These values
are consistent with the experimental and other theoretical values
with small percentage error. The lattice parameters from GGA-
PBEsol shows better agreement with the experimental values
which less than 1% error compared to LDA and GGA-PBE. The cal-
culated average bond lengths between titanium (Ti) and oxygen
(O) atoms of the TiO2 polymorphs are listed in Table 2. There are
different lengths of the Ti-O bonds with the ranges from 1.931 to
2.004 Å for rutile, 1.914 to 2.005 Å for anatase and 1.850 to
2.099 Å for brookite. The Ti-O bond length in rutile is longer than
that in anatase and brookite which indicates the smaller band
gap of rutile compared to anatase and brookite. The results for
the structural parameters of rutile, anatase and brookite TiO2 could
prove that the calculation methods in this work are reasonable.
Optical properties
The optical properties for dielectric function, refractive index,
loss function, reflectivity and absorption coefficient derived from
the effect of light passing through the TiO2 were analyzed for the
optimized rutile, anatase and brookite. These optical properties
are related to the complex dielectric function by the following
relation:
eðxÞ ¼ e1ðxÞ þ ie2ðxÞ ð2Þ
where e1(x) is real part and e2(x) is imaginary part. The real part is
associated to the electronic polarizability of the material and the
imaginary part is correlated to the electronic absorption of the
material. The imaginary part of dielectric function can be defined
as:
e2ðhxÞ ¼ 2pe
2
Xe0
X
k;v;c
jWckju:rjWvk j2dðEck  Evk  EÞ ð3Þ
where e, u,Wvk andW
c
k represents electronic charge, incident electric
field, valence band and conduction band wave functions at k point,e, (b) anatase and (c) brookite TiO2.
Table 1
Lattice parameters (Å) of rutile, anatase and brookite TiO2 calculated with LDA, GGA-PBE and GGA-PBEsol compared to experimental and other theoretical data.
Method Rutile Anatase Brookite
a c a c a b c
LDA 4.552 2.924 3.742 9.491 9.099 5.395 5.088
GGA-PBE 4.645 2.968 3.803 9.703 9.263 5.507 5.177
GGA-PBEsol 4.596 2.946 3.775 9.573 9.179 5.447 5.131
Other work 4.593a 2.935a 3.759a 9.585a 9.203b 5.473b 5.150b
Other work 4.640c 2.967c 3.799c 9.704c 9.257d 5.501d 5.177d
Experiment 4.594e 2.959e 3.784f 9.494f 9.180g 5.457g 5.158g
a Ref. [22].
b Ref. [23].
c Ref. [24].
d Ref. [25].
e Ref. [26].
f Ref. [27].
g Ref. [28].
Table 2
Average TiAO bond length (Å) of rutile, anatase and brookite TiO2 calculated with
LDA, GGA-PBE and GGA-PBEsol compared to experimental and other theoretical data.
Method Rutile Anatase Brookite
TiAO TiAO TiAO
LDA 1.944 1.942 1.941
GGA-PBE 1.982 1.976 1.978
GGA-PBEsol 1.962 1.959 1.958
Other work 1.945a 1.935a 1.930b
Other work 1.986c 1.973c 1.968d
Experiment 1.9561e 1.9477e 1.960f
a Ref. [29].
b Ref. [30].
c Ref. [31].
d Ref. [32].
e Ref. [33].
f Ref. [34].
Fig. 2. Calculated real and imaginary parts of the dielectric f
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part of dielectric function from the imaginary part. The relation of
refractive index n(x) and extinction coefficient k(x) with real part
are as follows:
nðxÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
jeðxÞj þ e1ðxÞ
2
r
ð4ÞkðxÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
jeðxÞj  e1ðxÞ
2
r
ð5Þ
The optical properties of rutile, anatase and brookite TiO2 were
calculated from the standard DFT and with DFT + U. The dielectric
function e(x) and refractive index n(x) up to a photon energy of
40 eV are presented in Figs. 2 and 3, respectively. The calculated
dielectric constant e0 and refractive index n from the standard
functional in the limit of zero photon energy are slightly higherunctions of (a) rutile, (b) anatase and (c) brookite TiO2.
894 M.H. Samat et al. / Results in Physics 6 (2016) 891–896compared to the DFT + U method. The dielectric constant e0 of
rutile, anatase and brookite from the standard functional presented
the values of 7.30, 5.29 and 4.88, respectively. The real part e1(x) of
the dielectric function shows the highest peak intensity at 2.54,
2.94 and 2.92 for rutile, anatase and brookite, respectively. The
imaginary part e2(x) shows the first energy peaks at about 2.54,Fig. 3. Calculated refractive index and extinction coeffic
Fig. 4. Reflectivity and loss function of (a) r3.08 and 2.92 eV for the rutile, anatase and brookite, respectively.
These peaks belong to the electronic transition from Ti 3d to O
2p states at the conduction band and valence band. The computed
refractive index values are 2.71 for rutile, 2.21 for anatase and 2.29
for brookite. The extinction coefficient k(x) is the imaginary part of
the refractive index, which can be related to the light absorption.ient of (a) rutile, (b) anatase and (c) brookite TiO2.
utile, (b) anatase and (c) brookite TiO2.
Fig. 5. The absorption coefficient of rutile, anatase and brookite TiO2 against wavelength and photon energy.
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5.19 and 4.38 eV for rutile, anatase and brookite, respectively.
The high dielectric constant and refractive index of TiO2 suitable
as one of the possible candidates for efficient light harvesting
efficiency.
Other optical properties such as reflectivity R(x), loss function L
(x) and absorption coefficient a(x) are presented in Figs. 4and 5.
These optical properties can be related to the dielectric function
through the following relation:
RðxÞ ¼ ðn 1Þ
2 þ k2
ðnþ 1Þ2 þ k2
ð6Þ
LðxÞ ¼ Im 1
eðxÞ
 
¼ e2ðxÞ
e21ðxÞ þ e22ðxÞ
ð7Þ
aðxÞ ¼ 2kx
c
ð8Þ
The major peaks of the reflection spectra from reflectivity R(x)
occurred at 9.27, 10.97 and 9.42 eV for rutile, anatase and brookite,
respectively and can be seen to occur where the peaks of dielectric
function and refractive index start decreasing and reaching zero.
The loss function L(x) is energy loss of electron when passing
through uniform dielectric materials. The major peaks of energy
loss function for rutile, anatase and brookite are positioned at
16.8, 11.10 and 9.66 eV, respectively that match to the sharp
decline in the reflection spectra. The absorption coefficient a(x)
determines how far light of a particular wavelength can penetrate
into a material before it is absorbed. The energy and wavelength of
absorption can be defined by the difference between energy levels
of an electronic transition. The optical absorption of rutile, anatase
and brookite occur in the ultraviolet (UV) light region at an absorp-
tion edge from 300 to 400 nm. The prominent peaks intensity forabsorption values of rutile, anatase and brookite are 4.90  105,
4.77  105 and 3.91  105 cm1 corresponding to the energy peak
at 36.1, 36.5 and 35.9 eV, respectively. The energy peak of the
absorption spectrum can be observed to display in the same peaks
of the reflection and loss function spectrum. With an inclusion of
the Hubbard U, the optical absorption peaks move away from the
original region from DFT. The absorption of TiO2 in UV light can
contribute to the ability of TiO2 to absorb light in weak or diffuse
condition. This light can be shifted to a longer wavelength range
by various methods such as metal or non-metal doped TiO2, sensi-
tizing TiO2 with dyes and TiO2 doped with an up or down conver-
sion luminescence agent [35,36]. Rutile is chosen for optical
applications due to its higher refractive index while anatase is good
for photocatalytic activity and solar cells due to its higher electron
mobility and more catalytically active [3]. The optical properties
obtained from the standard DFT in this work are in agreement with
the data calculated from the experiment compared to DFT + U
method [37,38].Conclusions
The first-principles DFT + U calculations on the optical proper-
ties of rutile, anatase and brookite TiO2 were performed within
CASTEP computer code. The calculations from LDA and GGA func-
tional show that the GGA-PBEsol provides the best description of
the structural properties of TiO2. The optical properties such as
dielectric function, refractive index, reflectivity, loss function and
absorption coefficient were analyzed together with the effect of
U parameter. Optical properties calculated within standard DFT
are in good agreement with the previous experiment measure-
ment. The reported on the Hubbard U calculations provide valuable
information about the optical behavior of TiO2 and make a good
start to focus more studies regarding the Hubbard U in other prop-
896 M.H. Samat et al. / Results in Physics 6 (2016) 891–896erties such as structural, magnetic and phase stability, which may
be required to accurately describe the properties of the studied
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